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Abstract 


'Flic wide uHe of nonlinear loads c.ontrolled l)y coiiverl.er/inverter lia,.s resulted in a 
number of undesirable elfects such as inen^ased reactiv(^ power demand and harmonic 
pollution ill the operation of power system. This results in reduction of overall supply 
power factor. The active power filters are used for reducing harmonic content and 
ro’-active power demand from the source. In this thesis the performance of single 
phase and three phase active power filter with fixed switching frequency is analysed. 
The proposed active power filter uses a PVVM voltage source inverter. It operates 
with almost constant switching frequency and can compensate the reactive power and 
the current harmonic components of nonlinear loads. The fixed switching frequency 
operation of the. device is obtaiiu^d using adaptive hysteriwis band current controller. 
The reactive jiower comiiensatioii and harmonic reiluction is done without analysing 
the load (■.iirrent. This results in siinpliiii^d control system, 'flu! comiiensation is 
done in time domain in order to improve the response, instead of frequency domain 
correction. The performance of the. active power filter compensating the various non- 
linear loads is predicted by olf line simulation studies. Results show that there is 
significant improvement in the supply power factor and harmonic content, there by 
reducing the burden on the power generator. 
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Chapter 1 


Introduction 


1.1 General 

Traditionally, the major part of power is consumed by loads such as incandescent 
lighting, heating, and ac motors, which draw sinusoidal current when they are en- 
ergized by sinusoidal volta,ge. However, this situaticm is rapidly changing as more 
products are being developed that condition the power through the use of power elec- 
tronic devices. These i)owcr electronic devices are now al^lo to jjrocess large amount 
of power, and due to their advantages such as increased efficiency and ease of control, 
have caused a dramatic increase in the number of ])ower cdcu’tronic. loads in the system. 
Unfortunately, power electronic loads possess an inherent nonlinear characteristics, 
and therefore draw a distorted current from the supply. These distorted currents 
cause an increase in apparent power consumed. Non-sinusoidal supply currents also 
cause overheating in supply transformers and interfere with the neighbouring com- 
munication circuits. 

To suppress the harmonics, passive shunt filters which are. being used are tuned to 
the frecuK'uc.y of the luu'inonic. to Ix^ reduced. TheH<i ;u('. also n.se.d Cor re.a.c.ti ve powe.r 
compensation or power factor improvement. Some of the benefits of power factor 
improvement and ha,Tmonic filtering are; 
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• reduced power loss, 

• better utilization of generation, transmission, distribution and substation ca- 
pacity, 

• reduced voltage drop and improved voltage regulation, 

• elimination of interference with communication lines, 

• improved ciuality of electric energy at the user’s end, 

• increased life span of the equipments. 

The shunt passive filters exhibit lower impedance at a tuned harmonic frequency 
than the source impedance, so that reduced harmonic currents flow into the source. 
However, the filtering characteristics of shunt passive filter are determined by the 
impedance ratio of the source and the shunt passive filter. Therefore, shunt passive 
filters have the following problems which discourage their applications: 

(i) The source impedance, which is not accurately known and varies with the sys- 
tem configuration. 

(ii) The shunt passive filter acts as a sink to the harmonic current flowing from the 
source. In the worst case, the shunt passive filter will resonate(series) with the 
source impedance. This results in excessive harmonic currents flowing into the 
passive filter. 

(iii) At a specific frequency, parallel resonance might occur between the source and 
the shunt passive filter, which is known as harmonic amplification, 

(iv) They are generally tuned to remove specific frequency components and therefore 
not a completely satisfactory solution when the harmonic composition of the 
distorted waveform changes. 
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(v) As both the harmonic and the fundamental current components flow into the 
filter, the capacity of the filter must be rated by taking into account both 
currents. 

(vi) When the harmonic current components increases, the filter can be overloaded. 

Active power filters have been suggested to compensate for reactive power, negative- 
sequence current and harmonics in industrial power systems. Active power filters are 
used to correct network distortions caused by power electronic loads by injecting equal 
but opposite distortion at carefully selected points in a network. 

In this thesis an indepth study has been carried out lor development of both single 
phase and three phase active filters. 


1.2 Motivation 


The main motivation of the work is to study the behavior of single phase and three 
phase active power filters which are capable of supplying reactive power to the load 
and generating the harmonics so that the current drawn from the supply is sinusoidal 
and in phase with the voltage. 

The active power filter consists of 

(a) i^owcr converter made of IGBT switches, 

(b) dc capacitor, and 

(c) inductor. 

The active filter is controlled through two control loops: 

1. The inner current regulation loop, 

2. The outer voltage control loop, which regulates the average voltage on the dc 
capacitor. This loop is responsible for correctly setting the ina.gnitude. of the rofe.rence 

phase currents. 

In order to maintain the switching frequency constant, adaptive hysteresis band 
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controller is used. Depending upon the magnitude of current, supply voltage, ca- 
pacitor voltage and inductance, the controller calculates the width of the band so 
that the switching frequency is maintained around 6kHz. Depending upon the error 
in the dc link voltage the outer voltage control loop generates the reference current, 
without sensing the load current. It is assumed that the active power filter is capable 
of supplying the entire reactive power demand of the load. 

1.3 Literature Review 

With the development of high power self commutated switches(GTO 1-kHz, 4500V, 
3000A; BJT 1200V,800A JOkHz; IGBT 20-kHz,1200V, 400A [24]) the interest has 
been increased in the study of active power line conditioners for reactive and harmonic 
compensation. At present, the purpose of shunt active conditioners is to compensate 
for reactive power, negative sequence current and harmonics. 

There are many papers available on shunt passive filters and active power filters. 
But in this thesis the review is limited to some key papers and recent publications in 
this field [4,7,12,20,25,29,32,35,40.43,44]. 

The active power filters use either voltage source inverter(VSI) [4,25,29,32,35,40, 
43,44] or current source inverter(CSI) [7,12,20] as power converter. Voltage source 
converter type of active power filters can readily expanded in parallel to increase their 
combined rating [4]. Their combined switching rate can be increased if they are care- 
fully controlled so that their individual switching instants do not coincide. Therefore, 
higher-order harmonics can be eliminated by using parallel voltage type converters 
without increasing individual converter switching frequency. Also, voltage-type con- 
verters are lighter, more efficient and less expensive than current- type converters [28]. 
However, main drawback of voltage type converter is the increased complexity of 
control system when they are connected in parallel. 

Akagi et al [4] described an active filter using multiple voltage source inverters 
and a time-delay PWM switching strategy. A followup paper [13] deals with the 



control circuit, which is based on instantaneous reactive power, and performance for 
improved transient response of the active filter. 

Duke and Round [25] have used a high-frequency V.S'I and a time-delay switching 
strategy for a single phase active power filter. Unlike fixed frequency PWM technique, 
the switching strategy produces an inverter output current which is asynchronous. A 
synthetic sinusoid is used to determine the distortion component of the load cur- 
rent. Capacitor voltage controller is not used. They claim that the inverter dc bus 
voltage can be controlled by manipulating the amplitude of the reference siirusoid. 
Zero-cro.ssing detector and phase-locked loop have been used to determine the funda- 
mental load current. An intelligent controller is suggested to improve the performance 
of active power filter at the optimal operating point under varying load conditions. 
It has been further improved by Round and Duke [3-5] by using simplex optimization 
technique to improve active filter performance. The basis for this optimization is the 
development of a saving function which takes into account the eflhciency of the active 
filter, the cost of energy, and the supply current distortion. The goal is to maxi- 
mize the monetary saving and operating efficiency while minimizing supply current 
distortion. 

IVfalesani et al [20] proposed an active power filter which includes both inductive 
and capacitive energy storage circuits together with a half-controlled bridge to inter- 
face them. The whole system can be considered as an active power filter with hybrid 
energy storage. Current source converters use inductive storage and voltage source 
converters use capacitive storage. This scheme is aimed to take the advantages of 
voltage source oi- capacitive storage (efficient, smaller and less expensive) and cur- 
rent source or inductive storage ( accurate current control, reliable and fault-tolerant) 
circuits. However, the control system is very complex. 

Torrey and Zamel [44] suggested sliding mode control for single phase active power 
filter which is further extended by Saetieo et al [43] for three phase active filters. Their 
study is limited to steady state analysis. 
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1.4 Thesis Organization 

Chapter 1 gives an introduction to this thesis explaining the main motivation of the 
work and a critical review of control schemes existing in the literature. 

Detailed analysis of a single phase active power filter and off line simulation studies 
to predict its performance during steady state and transient conditions are discussed 
in chapter 2. Expression for the variable hysteresis band to maintain the constant 
switching frequency of the inverter is also derived in this chapter. 

Performance prediction during steady state and transient condition of the 3-phase 
active power filter compensating non-linear unbalanced loads is dealt in chapter 3. 

Chapter 4 summarizes the contribution of this work and gives suggestions for 
further work in this direction. 



Chapter 2 


Single-Phase Active Power Filter 

2.1 Introduction 

Converter/inverter driven loads are increasingly being used in the industry. These 
loads draw non-sinusoidal current from the supply. This results in the reduction in 
overall supply power factor and increased harmonic content. However, due to recent 
advances in semiconductor technology, it is now possible to efficiently use active 
filters [25,29,44] to remove these harmonics which overcome many disadvantages of 
traditional passive filters. 

Torrey et al [44] described a single phase active power filter based on a single- 
phase converter with four switches. The controller is based on sliding mode control 
law. Duke et al [25] described a single phase active power filter using a high-frequency 
VSI and a time-delay switching strategy. They used a signal processing unit for refer- 
ence current generation. A follow-up paper [35] describes the real time optimization of 
active filter’s performance using simplex optimization technique and is implemented 
using Tj\IS 320C30 DSP. Enjeti et al [29] have proposed single phase active filter to 
cancel neutral current harmonics in three-phase four-wire electric distribution sys- 
tems. 

This chapter deals with the detailed analysis and simulation studies of a single 
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phase active power filter. The single phase active power filter has following features; 

(i) It compensates the reactive and harmonic part of load current without calculat- 
ing the load current components(real or reactive or harmonic), thus simplifying 
the control system. 

(ii) Adaptive hysteresis band current control scheme [24] is used to determine the 
width of the hysteresis band. The width of band is calculated in such a way 
that the switching frequency of the device remains almost constant at 6kHz. 

(iii) The current compensation is u.sed in time domain in order to improve the re- 
sponse, instead of frequency domain correction [15]. 

Simulation results are obtained to show typical waveforms and prove the capability 
and the performance of the proposed filter. 


2.2 The Converter Model 


The power circuit of the system is shown in Fig.2.1. The active filter consists of a 
capacitor, an inductor and four controllable switches with antiparallel diodes. The 
switches Si^S^^Sz, and 54 are operated in such a way that the total current drawn 
by the filter and the nonlinear load is of the correct magnitude and of the same shape 
as that of the ac source voltage Uj. 

The Kirchhoff’s Voltage Law for the above circuit can be written as- 


V5 = 



+ R.ii, -f- s.Uc 


( 2 . 1 ) 


di-L _ f Vs -RAl-s.Vc 

di ~ \ 


L 


( 2 . 2 ) 
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Figure 2.1: Single-phase active power filter configuration 


ac source voltage 
Vm ■ sin(a;t) 

synchronous link inductance or filter inductance 

resistance of the inductor and the equivalent resistance of the switching devices, 
compensator current or filter inductor current 
voltage across the capacitor 
switching function, which is defined as follows; 

1 if switches Si and S 4 , conduct 

— 1 if switches S 2 and S 3 conduct (2.3) 

0 if switches 5'i, S 3 or S 2 , Si conduct 

It is evident from equations (2.2) and (2.3) that the compensator curreut(7ii) 
can have any shape. This can be achieved by controlling the switches. In order to 
decrease the current , s = 1 and for increasing the current, s = —1. Depending 
upon the sign of the current fjr, will increase or decrease when s = 0. 



where 

Vs ~ 

L = 
R = 
H = 

Vc ^ 




CHAPTER 2. SINGLE-PHASE ACTIVE POWER FILTER 


10 


The capacit,or voltage can be written as- 




or 


dvc _ sAl 

1a ~ 


(2.4) 


The equations (2.2) , (2.3) and (2.4) give the mathematical model of the con- 
verter. In the matrix form the state ec[uations can be written as: 


il 

___ 

-R 

L 

— s 

L 


ih 

+ 

L 



s 

L c 

0 




0 _ 


2.3 The Control Law 


The purpose of the active power filter is to force the source current to be of the same 
shape as Vs and in phase with u^. By KCL from fig.2.1, the source current is is given 
by - 


Is — + it 


( 2 . 6 ) 


where ii = load current, 

From equation (2.6) : 

dis dii, dll 
dt dt dt 

Using equation (2.2), (2.7) can be written as: 


(2.7) 


dis 

dt 


R ■ — s ■ Vc + L 


dii 

dt 


L 


( 2 . 8 ) 


We have no control over any other variable in equation (2.8) except on the switch- 
ing function s. Hence for proper control of the source current is 
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clzi 

I'UcI ^ l^slmaa: “I" \L • [maa; H" 
or by neglecting R , 






(2.9) 


( 2 . 10 ) 


If is > i'll Si and S 4 are turned ON(s = 1). The rate of change of ig will be 
negative and hence current ig will decrease. And if ig < z*, S^ and S 3 are turned 
ON(.s = —1), The rate of cliange of is will lx; po.siti ve and the current i, will increase, 
where is the reference source current. Therefore, the control law can be summarized 

3-S! 


current status 

switches to be. ON 

is > i: 

Si & s\ 

is < i*g 

62 & iSs 


To ensure the controllability of current ig , inequality (2.10) must always be 
satisfied for all possible values of load current f;. 

2.4 The Reference Current Generation And The 
Capacitor Voltage Control Loop 

For proper operation of the power converter as active power filter the capacitor voltage 
must always be higher than the peak of ac source voltageCl^i). This limit on Vc is said 
as the loss of control limit [9] and is confirmed by equation (2.2). This will ensure 
the diodes be normally reverse-biased and the current ii, can be maintained at any 
required value by turning the switches ON or OFF. Also, the capacitor voltage must 
be sufficiently high so that the modulator is capable of tracking the reference current 
waveform. For this, the inequality (2.10) must be satisfied and hence the capacitor 
voltage control. 
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Power Converter 



Figure 2.2: Control block diagram 


The block diagram of capacitor voltage control and reference current generation 
loop is shown in Fig. 2. 2. 

The voltage control loop generates the magnitude of the source current reference(A:) 
through a proportional-integral (PI) controller which regulates the average capacitor 
voltage (Vc)- The average capacitor voltage is obtained by using a low pass filter 
whose transfer function is given by: 


Glpf{s) 


G 


1 + M 

OJQ 




s 2 


( 2 . 11 ) 


where 

G = gain of the filter; 

= clamping ratio; 

W = 2 • TT • /o 

/o = characteristic frequency or cut off frequency of the filter. 






CHAPTER 2. SINGLE-PHASE ACTIVE POWER FILTER 


13 


Through trial and error it was found that G = 1.0 , = 1.0 , and fo — 5 to 10 IIz 

which gives the better results for this scheme. 

The output of the PI controller is the amplitude (k) of the current which is used 
to derive the reference source current waveform. The reference waveform for the ac 
source current i* is obtained by multiplying k with or sinfa; ■ t). In other words 
by synchronising the output of PI controller with the ac source voltage the reference 
current waveform is obtained. Thus the reference current is of the same shape as the 
ac source voltage and in phase with it. This current can be actively generated by the 
current control law which is discussed in the previous section. 

The stability of the active filter is evaluated by its ability to keep the dc voltage of 
the capacitor close to the reference value. The capacitor voltage control loop assumes 
that the active power supplied by the source is the sum of power drawn by the load and 
the losses in the inverter. During sudden increase in load power demand, capacitor 
voltage will decrease because the stored energy in the capacitor will supply the power 
to the load. This results in increase in the capacitor error voltage AK(= KT ""K) 
the magnitude of reference current. This increase in current recharges the capacitor 
to the reference value. In the case of decreased load demand , the reverse action will 
take place. The decrease in the capacitor voltage must not be below controllability 
limit (Vc > y„i); hence the larger capacitor should be used. 

2.5 Current Control Strategies 

The following are the main current control strategies reported in the literature , 

• Hysteresis (hirrent Control [3,6,9,10,25,41] ; 

• Current Control with triangularization of error [18,27,40,45] ; 

• Predicted Current Control [11,17,30] 

• Adaptive hysteresis band control [2,14,26]. 
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Figure 2.3: Current and switching function for adaptive hysteresis-band current con- 
trol 


The hysteresis current control strategy is the simplest one, but its major drawback 
is that the average switching frequency varies with the load current. The remaining 
control strategies operate on constant switching frequency. However, in second and 
third schemes, the stability of operation of the current loop is ensured only if correct 
system parameters and load current values are known. In adaptive hysteresis band 
control the switching frequency is maintained constant by varying the hysteresis band 
over the cycle. Since it is easy to implement and has stable operation with lesser 
dependency on the load current, this scheme is used in the present work. 

2.5.1 Derivation of Expresioii for Adaptive Hysteresis Band 

Fig. 2. 3 shows the current and switching signal waveforms for current control. The 
actual source current tends to cross the lower hysteresis band at point- 1, where the 
switches and S 3 are switched ON. The linearly rising current then touches the. 
upper band at point-2, where the switches 5'i and S 4 , are turned ON. With reference 
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to equation(2.8), tlio respective equations for switching intrn-vals L and R 
written as; 

dij I dii 

and 

where and i~ are the rising and falling currents respective!}'. 

From the geometry of the fig. 2. .3, we can write 


and 


dif 

di'l 

di 

dt 

dij 

_ ^ 

dt 

dt 


also 


■U^-2-HB 


1 


t\ A-t'i — Ts — — 

Js 

where is the switching frequency and HB is the hysteresis band. 
From equations (2.12) to (2.16), it can be shown that: 

2N 




Vs - R ■ ib + dt 


di: 


where i* is the reference source current which is of the form 
Tg = k ■ sin(u.h) 


hence 

— = k ■ LO ■ cosfiuf) 

dt ^ ^ 

The maximum switching frequency for a specified hysteresis band is: 


can he 

( 2 . 12 ) 

(2.13) 

(2.14) 

(2.15) 

(2.16) 

(2.17) 

(2.18) 


(2.19) 
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Table 2.1: Hysteresis Current Control Rule 


current error 

switches to be ON 

Ais > H B 

S 2 & ‘5,3 

Ais < -HB 

,Sb ‘S', 

-HB < Ais < HB 

No change 


r 

J s 


0.25uc 

HB.L 


( 2 . 20 ) 


Equation(2.17) shows that the hysteresis band is a function of switching frequency(/s). 
source voltage(iq), and the slope of load current(i;) and the source reference current(?,*). 
From equation(2.17) it can be written as: 





di 


( 2 . 21 ) 


Equation(2.21) indicates that for a hysteresis band, the switching frequency will 
vary with load current. Also the switching frequency increases with iv- Equation(2.17) 
shows that the hysteresis band can be modulated as a function of Vc and and the 
slope of currents ii and is. so that the switching frequency remains almost constant. 
This will improve the converter performance substantialy. 

The adaptive hysteresis current control strategy is shown in Table 2.1, where 
Ais = i's - h- 


2.6 Performance Analysis/Calculation 

The performance of the active power filter can be evaluated by its efficiency, power 
factor of the ac source current and the total harmonic distortion(THD) of the source 
current. The total harmonic distortion is defined as: 


THD{%) = 


+ 100 


( 2 . 22 ) 
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where Ri is the fuudamental component and is the- harmonic of the source 
current. The power factor(pf) is given by: 

pf = fJ- ■ co.s{^si) (2.23) 

where is the phase difference between the source voltage(us) and the funda- 
mental source current(Zi.i). cos(0si) is called the displacement factor of the current; 
and fj. is the distortion factor which is defined as; 


P = 


III 

h 




where C is the RMS value of the source current. 
The efficiency(7/) of the compensator is defined as: 


(2.24) 


V 


P Load 


, Pcomp + Pload, 
P Load 
‘ bource ' 

' VsIliCOs{(i)ii) \ 


//n \ / cQ.s(<Pii) \ 

\Ci J \cos{dsi)) 


(2.25) 


where (j)ii and 4>si are the phase angle of fundamental load current(//i) and fun- 
damental source current(/si) respectively, Pioad is the power supplied by the source 
to the load and Pcomp is the power supplied by the source to the compensator. 


2.7 Power Circuit Design 

The active filter power circuit is shown in fig.2,1. Active power filter consists of 
a capacitor(C), an inductor(L) and four controllable switches. Since sAvitches must 
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support the unidirectional voltage and bidirectional current, GTO or transistor or 
IGBT with antiparallel diode is needed to implement each switch. 

The current that is flowing in each switch is the maximum inductor current(fL), 
and is given by; 




(2.26) 


where 


is = • sin{^'t) 

r rms 


(2.27) 


The voltage which the devices must withstand is the maximum voltage across the 
capacitor. The capacitor voltage can be determined by eciuating the instantaneous 
power. That is. the part of the power delivered to the active filter at any instant is 
stored in the inductor(L) k capacitor(C), and the remaining power is dissipated in 
the resistor(R). 


I‘v, ■ ILCU = - V?) + R(iL.f 


or 


^ (/J f. • hdt - ^Lizr^y - RizLY 
From equation(2.29), it can be shown that: 


c 


V 


(f + 0 


where AV' = Uc — Vq, f o is the capacitor voltage at t = 0. 
For small AVh 


(2.28) 


(2.29) 


(2.30) 


(2.31) 
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The required capacitor size for an acceptable voltage ripple can be determined 
using equation(2.31). 

The selection of the inductance(L) value is based on equations(2.8) and (2.20). 
From equation(2.8), the ability to track the desired source current improves as the 
filter inductance is made smaller. Therefore as the value of the inductor decreases, 
the switching frequency of the devices increases. However, the ripple in the source 
current should be maintained to an acceptable value. Hence the value of the inductor 
should be determined from equation(2.20) to keep the current ripple and switching 
frequency to an acceptable value. 

2.8 Simulation Results 

The performance of the proposed active power filter and its control systems for re- 
active power support and harmonic cancelation has been studied for two types of 
non-linear loads through digital simulation. The simulation has been carried out us- 
ing the electromagnatic transient simulation package PSCAD/£’iV/T'DC™ [46]. It 
is found that the performance of the proposed scheme is satisfactory for the types of 
loads considered. The details of the results are given below: 

2.8.1 Case-1 

The complete circuit used for simulation is shown in fig 2.4. The parameters of the 
active filter are /, = GkHz, L = 2QmLF C = 2000/iF, 1 = 550H, K, = 0.1, IG = 1 .0. 
The load consists of: 

(i) a single phase diode bridge rectifier with dc side filter capacitor and resistive 
load, 

(ii) a resistive load fed by a pair of antiparallel thyristors. 












FIGURE 2.4(a) BLOCK POWER CRCUIT 

DIAGRAM FOR CASE-1 
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The current drawn by the load and its harmonic spectrum arc shown in fig. 2. 5(e) 
and fig. 2. 5(f) respectively. The THD of the load current and the load power factor 
are found to be 69. .3% and 0.7512 respectively. Fig. 2. 5(b) and fig. 2. 5(c) show the 
source current waveform and its harmonic spectrum respectively. The THD of the 
source current and power factor are found to be 12.6% and 0.9922 respectively. This 
improvement in THD and power factor is due to the active power filter which generates 
harmonics to compensate with those drawn by the load. The current drawn by the 
compensator is shown in fig. 2. 5(d) and the capacitor voltage build up is shown in 
fig.2.8(a). 

2.8.2 Case-2 

The simulated results for the block diagram shown in fig. 2. 6, in which the active filter 
compensates the rectifier load is given in fig. 2. 7. The parameters of the active filter 
are: /, = 6kHz, L = 2QmH,C = 2000/iF. V'; = 650H,/Vp = 0.1, Ah = 1.0. The 
THD of the load current and the load power factor are found to be 33.2% and 0.7373 
respectively. Whereas the THD of the supply current and the supply power factor are 
found to be 7.2% and 0.9974 respectiveh'. The corresponding compensator current 
and the capacitor voltage build up are shown in fig. 2. 7(d) and fig. 2. 8(b) respectively. 

2.8.3 Performance of the Filter During Transient Condition 

Fig.2.9 shows the simulated current and capacitor voltage waveforms during transient 
conditions. Initially the active, filter was compensating a bridge rectifier load whose 
trigger angle was maintained at 45 deg. At f = 1 sec. the trigger angle is changed 
to zero degree which results in increase in load current. Initially this inciease in load 
current is supplied by the capacitor. As a result the capacitor voltage falls. The PI 
controller generates higher value of reference current. This increase in the refeience 
source current will maintain the capacitor voltage to its original value. It is also 
evident from the fig.2.9(a) and fig.2.9(c) that the source current is sinusoidal and in 
phase with the voltage during transient condition. 








(c) 


Frequency (Hz) 


(0 


Frequency (Hz) 


Fig.2.7 Simulated results for rectifier load (case-2) 














-icT 2.9 Simulated results during transient operating conditions 
(For case-2, trigger algle is changed from 45 to 0 at 1,0 sec ) 
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2.9 Conclusion 

The following conclusions can be drawn fron: the analysis and simulation results 
presented in this chapter: 

• The proposed active filter is able to supply the reactive power and compensate 
the harmonics drawn by the load, so that the current drawn by the source is 
sinusoidal and in phase with the source voltage. In case — 1 the THD of the 
load current and the power factor were 69.3% and 0.7512 respectively. Whereas 
the THD and power hictor of .source current are 12.6% and 0.9922 respectively. 
For case — 2 the above values are 33.2% and 0.7373, 7.2% and 0.9974. 

• The current can be shaped only when the capacitor voltage is above a particular 
value. 

• The lower order harmonics are eliminated and the freciuencies of higher order 
harmonics present in the source current depends on the switching frequency of 
the power converter. 

• The proposed active power filter operates with almost fixed switching frequency 
and is able to compensate current harmonics and the reactive power requited 
by the load without computing the associated components of the load current. 


Chapter 3 


Three Phase Active Power Filter 


3.1 Introduction 

III the previous chapter, a single phase active power filter is discussed for harmonic 
elimination and power factor improvement. However the generation, transmission, 
distribution and utilization of large blocks of electric power are accomplished by means 
of three phase circuits. Recentaly various 3-phase active power filter configurations 
with their respective control strategies have been reported in the literature [13,29. 
40,43]. Akagi et al [13] described an active power filter using multiple voltage source 
' inverters and a time-delay PWM switching strateg}’. The control law is based on 
instantaneous reactive power theory [1]. Enjeti et al [29] have proposed an acti\e 
power filter to cancel neutral current harmonics. The proposed approach employs a 
star/delta transformer along with a two-switch PWM-controlled active filter. Saetieo 
et al [43] have used sliding mode controller for active power filter implemetation. 
iMoran et al [40] have used a tuned filter and PI controller for reference current 
generation and for current control strategy dc capacitor voltage controller and error 

triairgulation techniqrre. 

hr this chapter detailed analysis and simulation studies on three-phase active 
power filter is presented. The salierrt features of this active power filter are: 
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(i) Ihe controller does not calculate the real, reactive or any harmonic or funda- 
mental component of load current. Thus .simplifying the control circuitry. 

(ii) The current control is done using adaptive hysteresis band control technique 
[14], where in the switching frequency of the devices remain almost constant. 
This is achieved hy varying the hysteresis band over the cycle. 

(iii) The control is done in time domain which results in fast response. 

(iv) Source current is forced to follow the reference current, whose magnitude de- 
pends only on the real power absorbed by the load and filter. 

(v) Ihe reference current is derived from the capacitor voltage control loop. 

Typical simulation results are shown in this chapter to demonstrate the perfor- 
mance of the proposed active power filter. 


3.2 Converter Model 

The power circuit of the three-phase active power filter is shown in figS.l. This consist 
of a three-phase inverter, a dc capacitor, and an inductor in each phase which links 
the inverter with the ac network. There are two control loops namely inner current 
control loop and outer capacitor voltage control loop. 

The mid point of the DC side capacitor is connected to the ac neutral. Unequal 
distortion compensation can now be applied to each phase for unbalanced loads. Also 
the three line currents in individual phases can be controlled independently because 
there is no interaction between phase voltages of inverter leg. 

From figS.l, applying KVL for phases a,b,c of converter branch. 


r i O' m c 
Vt, = + -S'i Y 


(3.1) 

(3.2) 
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Figure 3.1: Power circuit of three-phase active power filter 
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(3.4) 


(3.5) 


tic = V,„sin{ut) 

'2'w 

t'i = V„sin{h}i - —) 
27r, 

tic = Kn5ttt(ttl^ + “) 


(3.6) 

(3.7) 
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and arc 3-pha,se filter inductor currents, v,i is tiic; capacitor voltage, .Si, S 2 - '^3 

are the switching functions, which are defined as: 


•Sl 


•32 


■33 


1 

if 

■S'l 

ON 

-1 

if 

■5'2 

ON 

1 

if 

■S's 

ON 

-1 

if 

■S's 

ON 

1 

if 

■S's 

ON 

-1 

if 

■Sb 

ON 

, in 

any 

leg 

of till 


(3.9) 

(3.10) 

(3.11) 


if lower switch is ON then .s,- = —1 (i=l,2,3). .Si,.S 2 ,S 3 are independent control 
functions for phases a, b and c respectively. To increase the current in any phase the 
switch in the lower leg is turned ON and to decrease the current the switch in the 
upper leg is turned ON . 

From equations (3.1), (3.2) and (3.3) , the inductor current can be controlled only 
if (^) > (I'm). From equation (3.4), the capacitor voltage(tq) will contain ripples, 
but its average value will be constant if the active power supplied by the source is 
the sum of active power drawn by the load and the inverter losses. The switching 
frequency of devices and the reactive power supplied by the inverter depends on the 
average value of the capacitor voltage. 

3.3 Adaptive Hysteresis Band Current Control 

From fig. (3.1), source current(/ 5 ) is the sum of load current(i() and the inductor 
current(fL)' be. 

is — ii + ih (3.12) 


or. 


dig _ dii diL 

dt dt dt 


(3.13) 
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dii 1 
1 


+ V I - Eii - S~ 


}Ll 
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^dii vT 


To increase the current (z^) s = — 1. Therefore 


di+ I ( dii v,i 


and to decrease the current(i^) .s = 1. Therefore 


f/z, _ 1 


dii Wr/ ' 


- Rzl + L^- 


dl. L V '-’ “ dt 2 J 

The general expression for hysteresis band(HBj can be written as: 


HB = 


0.2h 


f 


fsL 


1 


v,-mc+Lf-L§ 


V 


M 
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(3.14) 

(3.15) 


(3.16) 


(3.17) 


(3.18) 


and for individual phases a, b, c the hysteresis band can be written as: 
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Vc Rijjc T 7. 


ih^ 

dt 


L 




dt 


Vd 


(3.19) 

(3.20) 

( 3 . 21 ) 


The three-phase current control strategy is given in Table:3.1. If for a given phase, 
the. current error(zi'i = i*-iaciuqi) is greater than the hysteresis band, the lower switch 
of the inverter leg corresponding to that phase is turned ON, and if the current error 
is less than the negative of the hysteresis hand then the upper switch is turned ON. 
If the error is with in the hysteresis band previous switching state is retained. 
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Table 3.1'. Adaptive Hysteresis Band Current Control Rule 


If 

Then Switch ON 

Aia > HBa 

.S'4 

< HBa 

•S'l 

— HBa < AA < HBa 

No change 

Atb > H Bb 

•S's 

Aih < HBh 

S 3 

— HBi) < Aib < HBb 

No change 

Ai-a > H Be 

.S'2 

Aic < H Be 

.S 5 

-HBe < Aie < HBe 

No change 


3.4 Reference Current Generation and Capacitor 
Voltage Control Loop 

The rcferenee current generation philosophy is the heart of the active power filter 
control circuitry. Similar to the single phase case, capacitor voltage(ud) is filtered 
to get its average dc value and then subtracted from the reference voltage(ld ). 
The error voltago( ARj = K* “ ^d) tlius obtained is fed to a proportional-integral(PI) 
controlh'r. Tlu' reference source current for a particular phase is obtained by multi- 
plying the, output(A;) of the PI controller by sin(a;t). The three reference waveforms 
are displaced by 27r/3 radians from each other. The expression for three reference 
currents can be written as: 



= ksm{ojt) 

(3.22) 

Kb 

2^ \ 

= ksin{ojt — 

(3.23) 


and 


Kc 

= ksin{u)t + — j 

(3.24) 
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or 

hr. = -ha-hh (3.25) 

U.sing the adaptive current controller, the source currents are forced to track the 
above reference currents. This ensures that irrespective of load current waveform, the 
source current is sinusoidal and in phase with the .supply voltages. 

3.5 Simulation Results 

To i)rove the validity of the proposed active filtering scheme, the simulation was clone 
oil PS(' AO / E MT . The three phase active power filter was tested for three 
dilFeriuil typi'H of non-linear loads: 

(i) 3 - phase, diode rectifier with dc side filter capacitor and resistive load, 

(ii) 3 — phase controlled rectifier, and 

(iii) unbalanced load: R- L load in phase-a and a diode rectifier between phases-b 
and c. 

In each case the ac source voltage is maintained at 220V per phase. 

3.5.1 Case-l 

Fig. 3. 2 shows the complete block diagram in which the active filter is compensating 
the 3- phase diode rectifier. The block diagram is simulated and the results are shown 
in fig. 3. 3. The current drawn by the load is shown in fig. 3. 3(d) and its harmonic 
spectrum is in fig.3.3(f). The source current and its harmonic spectrum are shown 
in fig.3.3(c) k (e). The THD of the load current and the source current are found to 
be 2(i.6% and 7.3% respectively. The load power factor and supply power factor are 
found to be 0.65329 and 0.9974 respectively. The parameters of the active filter were: 
= 6kHz,2C = 2000/1^,73 = 20m//, /ip = 0.1 and /v; = 1.0,]/" = 9001 . 
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Fig. 3.3 Siinulaled results forcasc-l (phase-a) 
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3.5.2 Case-2 


Ar,l,iv<> powcn- (ilLdr r,otnpen,sating the harmonics and reactive power drawn by a three 
phcLse thyristi)!- bridge reetilier from the source is studied and the simulated results 
aic shown in fig. .ho. ihe load c.urrent waveform, its harmonic spectrum are shown in 
(ig. 3 . 0 ( 11 ) Ik (I) respectivedy and current drawn by source and its harmonic spectrum 
ill [ig3..o(c) fk, (e) respectively. The THD of load current and source current are are 
loiiiid to be 24.8% and 10.6% respectively and the power factor of source current 


and loaxl rni'rc'nl. are 0.996 ami O..o2 respectively. This reduction in harmonic content 
and rc'active power drawn from the source is due to active power filter. The current 
wavcdoriu dra.wn by t.lu' lilter is shown in lig.3..5(b). The parameters of the active filter 
are: /, = = 2000/i/'’, L = 20inH.Kp = 0.1, Ah = 1.0 and V; = imV. 

3.5.3 Case-3 


Performance of the active power filter is also evaluated for unbalanced loads. The 
block diagram of active filter compensating the harmonic and reactive power drawn by 
the unbalanced load is shown in fig. 3. 6. A diode bridge rectifier is connected to phases 
b k c and It — L load is connected to phase-a. The respective load currents, source 
currents and the compensator currents in phases a , h, c are shown in fig. 3. 7(g), (h). 
(i) ; fig. 3. 7(d), (e), (f) and fig.3.7(j), (k), (D respectively. The THD in load current 
in phase 6 c is 34.2%, and power factor of the load connected to phase a, b k c 
are found to b(’ 0.3132, 0.94104 k 0.55521 respectively. Whereas THD in the source 
currc'iit ami its power are 10.4% and 0.9946 respectively. The parameters of the 
active power lilter were: fg = (CkThpiC = 2000/tA, A = 20m//, Ap = 0.1, A, = 1.0 
and V;* = 900V. 



Figure 3.4: Block diagram for case-2 
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Fig.3.5 Simulation results for case-2 (phase-a) 
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Fig. 3.8 Simulated results during transient operating conditions 
(For case-2, trigger angle changed from 80 to 30 at 1.0 sec) 
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3.5.4 PorforniaiKu^ ol the Filter During Transient Condition 

sliDWs (,lu' ,siinul;U.(Ml curnMil, and c.apacilor vollagci waveforms during LransieuL 
coiKliUons, Inilin.lly (Jie acl.ivc' power liller was compensating a bridge rectifier load 
whose trigg('r angle was maintained at 80 de.g. At i ~ 1 sec the trigger angle is changed 
to 30 dc'g. which (-(’Hnlts in ine.n'ase in the load current. Initially this increase in the 


load curia'iil. is supi)li('d by tlu' capacitor. As a res 
IM controlh'r g('nerat('s higiun’ r(4(M’enc.(^ current. 


ult the capacitor voltage falls. The 
This increase in reference source 


currc'tit will luaintaiu the capacitor voltage to its reference value. It is also evident 
Irom lh(' lig3.8(h) and lig.'1.8(d) that tin; source current is sinusoidal and in phase 
with the vol(,;ig(' during i riui.si(>iil conditit)u. 


3.6 CoiK’lusioii 

I'Vom the ajudysis and simulatitjn carric'd out in this chapter the following conclu,sions 
art' made: 

• I)u(' to Idle compt'usaidag at'tion of the active ftlter, it is found that the source 
powt'r factor is approximately ctpial to unity. Also there is a significant im- 
provt'uu'ul in the T'lll) in the source current. 

• 'l’h(' displacement factor of the source current is found to be unity, It can be 
infern'd tluvl, the tol al rt'active power of the load is supplied by the compensator. 

• The' [irupo.si'd active [lowi'i' filU'r is ai)le to compensate for unbalanced nonlinear 
loads. 

• The pro|)u.seil active powt'r lilti’r is able to compensate for the reactive power 
and luirmonicH without analysing the load current. 

• Tlu' ca.[)acitur voltage control loop is able to make, the source current to be 
sinu.soidai and in phase with voltage. 

• d'lu' a,ctiv(' powi'r (liter opi'vates with almost constant switching frequency. Tins 
is achkived using an adaptive hysteresis baud current controller. 



Chapter 4 


Conclusion 


4.1 G(4iuu’al 

Mdt'cls ()1 hai'iaoiiic lailliil.ioii and o|)(M'a.tit)ii al, low power [actor on power system are 
well known. 'I'hi'st' iiroklenis arc' a.ggravated due to the increased use of loads fed by 
conv('.rtei7inv(M't{'r. Active power lilte.r.s are incrciasiugly being used to solve the above 
problcuus. 

In thi.s chai)t<!r tlie main results of tln^ work carried out in this thesis and sugges- 
tions for further work in this ai'ca are discussed. 

• Single phase and three- phases active power filters are studied for harmonic and 
re;u'tive power cotiip('i)sati(ui. 'I’lu’y are ahk; to reduce the current harmonic 
distortion a.nd tin' ituictive power de.nuuul of the load sigiiiricantly. This results 
in improveiiK'iit of soui'ce povv(M' factor. 

• Adaptive liyster<'.si,s ham! ciiiu'ent controller is used. This controller operates 
the iiivertc'i' at constant switching frecinency. 

• rin^ conti'oller geiu’rates the relcu'ence source current without determining the 
ri'active or activt' or any harmonic component of the load curent. 
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• Single phase active power lilter is analysed and simulated for two types of non- 
linear loads. In each case the filter functions as harmonic and reactive power 
compensator satisfactorily. The same is true for three-phase active power filter. 


4.2 Scope for future work 

Further work can he attemptc'.d in tin' following ar('as: 

• Operation of active power lilter in conibinatioii with the passive filters. 

• Experimental investigation of the active, jjower lilter without analysing the load 
current. 

• Predictive current control strategy for current control. 

• Detailed mathematical analysis of the filter with power and control circuits. 

• Operation at optimum source power factor when the lilter KV ar rating is less 
than the reactive power demand of the load without measuring the load current 
components. 
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